The recent European Union ban on the prophylactic use of in-feed antibiotics has escalated the search for alternatives for use within the poultry industry. When evaluating the efficacy of potential antibiotic alternatives on bird health and productivity, it is important to analyze the competence of the immune cells in the gut-associated lymphoid tissue (GALT), because it is routinely involved in the surveillance of colonizing microbes as well as in interacting with the ingested feed antigens. Therefore, we studied the effect of the prebiotics mannan-oligosaccharide (MOS) and fructo-oligosaccharide 
Introduction
The current European Commission's ban on the use of subtherapeutic levels of in-feed antibiotics in animal production is likely to affect the trade of meat products between the EU and the countries continuing to use antibiotics. Trade regulations and consumer demand may eventually force the worldwide elimination of prophylactic in-feed antibiotics in livestock production. Poultry meat is the second largest global food commodity (1) and in-feed antibiotic withdrawal is likely to negatively affect poultry production due to increased prevalence of diseases such as necrotic enteritis (2) . To sustain poultry production to meet global demand, antibiotic replacements are needed. Among the feed additives evaluated to date in poultry, prebiotics are considered favorable alternatives, because they can promote competitive exclusion of pathogenic microbes and selective colonization by beneficial microbes (3) . Of the known prebiotics, mannan-oligosaccharide (MOS) 6 and fructo-oligosaccharide (FOS) have been tested extensively in poultry. Meta-analyses of global pen trials of broiler chickens have shown that MOSfed broilers exhibit significantly greater weight gain, improved feed conversion, and lower mortality (4) . FOS as a feed additive in poultry is known to promote the colonization of beneficial bacteria, which in turn improves feed efficiency and reduces disease severity and mortality (5) (6) (7) . However, few studies have addressed the mechanisms underlying these performance improvements.
The intestine is the site of interaction between microbes, feed antigens, and the immune system (8) , and gut-associated lymphoid tissue (GALT) plays a major role in providing a repertoire of immune cells and their products to defend against pathogenic invasion. In chickens, the cecal tonsils (CT) form a major part of the GALT. CT produce precursors of effector immune cells that are recruited to mucosal surfaces of the intestine (9, 10) . To our knowledge, there is a paucity of reports examining the impact of feed additives on the phenotype and function of immune cells in the CT. This knowledge is essential to select and optimize the inclusion of feed additives to improve poultry health and production. Therefore, the objective of this study was to analyze the impact of feed additives FOS and MOS on immune status in chicken CT at both phenotypic and functional levels. At the phenotypic level, we have assessed the proportions of lymphocyte subtypes, including antibodyproducing cells. At the functional level, we have assessed the competence of CT leukocytes to perform phagocytosis, a critical function of macrophages in minimizing microbial invasion (11) . Furthermore, we have tested the competence of ex vivo lymphocytes to proliferate in response to mitogenic stimulation as well as their ability to express cytokines, which play a critical role in regulating the immune response to specific microbial challenges encountered by chickens. Overall, this study provides a comprehensive analysis of the competence of both innate and adaptive immune responses following treatment with feed additives. Because this was a part of a larger major study, the data regarding feed conversion, weight gain, and intestinal microbiota are reported elsewhere (12) .
Materials and Methods
Chickens, housing, and management. Cobb 500 male broiler chickens (Baiada Hatchery) were raised from hatch in floor pens in a temperature-controlled room. The Eimeriavax 4m (Bioproperties Pty. Ltd.) vaccine regimen for each bird was 2 drops at placement, 5 drops at 5 d of age, and 5 drops at 11 d of age.
Birds were reared in 4 floor pens with fresh wood shavings from day of hatch. All pen partitions, drinkers, feeders, and brooder lamp reflectors were cleaned prior to the commencement of the trial. At 13 d posthatch, all birds were transferred into metabolism cages (26 cm wide, 40 cm high, 36 cm long) with wire floors. All cages were cleaned prior to bird placement and shielded to prevent cross-contamination of excreta and poaching of feed. Initially, birds were placed in pairs for a 3-d period to minimize the stress associated with isolation. Birds were then placed individually in 48 metabolism cages for the duration of the experiment. Chickens received continuous lighting from incandescent heater lamps while housed on litter and continuous light from fluorescent lamps while in metabolism cages.
Diet. Birds were randomly assigned to 4 groups of 6 each. The birds in the control group were fed a basal diet (referred to as control diet in figures and tables) of commercial broiler starter crumble [Ridley AgriProducts; (13)] 7 free of antibiotics and coccidiostats. In addition to the basal diet, birds in the zinc bacitracin (ZnB) group were fed 0.05 g/kg ZnB, the FOS group was fed 5 g/kg FOS (Fibrulose F97, Cosucra Group Warcoing), and the MOS group was fed 5 g/kg MOS. The FOS product was derived from chicory root and contained 97 6 2% oligofructose dietary fiber and 99.7% total carbohydrate. The compound consisted of fructose groups connected by b 2-1 bonds, predominantly ending in a glucose subunit. The MOS group was fed 5 g/kg Bio-MOS (Alltech). The MOS product was derived from the cell wall of Saccharomyces cerevisiae and was comprised of mannan and glucan components. Sample collection. At d 25, chickens were bled by venipuncture of the brachial vein and blood was collected into lithium heparin-coated vacutainers. Samples were centrifuged at 1000 3 g for 10 min at 228C. and plasma collected and stored at -208C. Chickens were then killed by i.v. injection of Lethobarb (0.5 mL/bird) and weighed before the collection of tissue samples.
CT were slit open, washed with cold DMEM (Invitrogen, Gibco) supplemented with 200 kU/L penicillin (CSL, Parkville) and 200 mg/L streptomycin (Sigma Aldrich), then placed in a 5-mL sterile tube containing 2 mL DMEM supplemented with antibiotics and kept at 48C until further cell isolation.
Single-cell suspensions of leukocytes were obtained by dispersing the CT through a 70-mm cell strainer (BD Biosciences) into DMEM in a petri dish using a plunger from a 3-mL syringe. The cell suspension was filtered through another 70-mm cell strainer, washed twice, and resuspended in DMEM containing 10% fetal calf serum, glutamine, penicillin (100 kU/L), and streptomycin (100 mg/L). Lymphocytes were counted using a hemocytometer and the concentration of cells was adjusted to 10 10 /L; they were then stored on ice until used.
Proliferation assay. The proliferative response of the CT lymphocytes to concanavalin A (Con A; Sigma-Aldrich) was measured by stimulating 10 6 cells in 100-mL suspension with 12.5 mg of Con A for 48 h. The assay was performed in triplicate in 96-well tissue culture plates (Nunc, Thermo Fisher Scientific). Cells were cultured in medium only for background read-out. Plates were incubated at 378C in a humidified CO 2 incubator for 48 h. For the last 18 h of incubation, 18.5 Bq of 3 Hthymidine (Amersham Biosciences) was added to each well and cells were then harvested onto glass fiber filter mats using a cell harvester (Tomtec). Filters were placed in plastic pouches with 5 mL of scintillant and radioactivity was measured using a MicroBeta TriLux 1450 b counter (EG&G Wallac). Stimulation indices (SI) were calculated by dividing the radioactivity measured in Con A wells by the radioactivity measured in background wells.
Phagocytosis. Phagocytosis was measured by the uptake of fluoresceinisothiocyanate (FITC)-dextran (40KDa, Sigma-Aldrich) by leukocytes as previously described (14) . On completion of the assay, we measured phagocytosis by flow cytometry using Cell Quest software on FACScalibur (BD). The background readings obtained at 48C were deducted from the readings at 378C to determine the percentage of cells performing active phagocytosis.
Phenotypic characterization of leukocytes by flow cytometry. Leukocyte subsets were quantified by staining duplicate aliquots of 2 3 10 5 leukocytes in 96-well plates with 50 mL of 3 different cocktails of antibodies (Southern Biotechnology Associates) as follows: 1) the B cell marker cocktail included antibodies directed against Bu1-biotin, IgMSpectral red (SPRD), IgA FITC, and IgG-phycoerythrin; 2) the lymphocyte marker cocktail included antibodies to cluster differentiation antigen (CD)3-SPRD, CD4-FITC, and CD8-biotin; and 3) the macrophage marker included antibodies to Kul1-FITC in addition to CD45-SPRD and major histocompatibilty antigen II-phycoerythrin. Cells were stained and acquired as previously described (14) . The lymphocyte and monocyte gates were set according to the forward scatter and side scatter properties of chicken leukocytes.
Enumeration of IgA-positive cells in duodenum. The frequency of IgA-secreting plasma cells at the mucosal surface of the duodenum was determined as previously described (9) . Briefly, duodenal sections were fixed in cold ethanol and embedded in paraffin. Sections (3-6 mm) were cut onto gelatinized slides, which were then dried and stored at 48C. Sections were deparaffinized, rehydrated, and stained with anti-chicken IgA-FITC (Southern Biotechnology Associates) for 1 h, rinsed in PBS, and counterstained with Evans blue. Sections were examined using an inverted microscope (IX71 Olympus Australia). Full-field images of the sections under 4003 magnifications were captured through an Olympus DP70 Prebiotics modulate immune responses 1405
high resolution color camera coupled with the microscope. Enumeration of IgA-positive cells in the captured images was performed using image analysis software (AnalySIS, Soft Imaging System GmbH). The number of IgA-positive cells was counted from the base of the lamina propria to the tip of the villi. At least 5 images were counted for each bird.
Plasma Ig titers. Titers of Ig isotypes were determined by ELISA. The 96-well microtiter plates were coated with 100 mL suspension containing 0.1 mg of either goat anti-chicken IgM (Bethyl Laboratories), goat antichicken IgG (Bethyl Laboratories), or mouse anti-chicken IgA (Southern Biotech Associates) in carbonate buffer on a shaker for 2 h at room temperature and then overnight at 48C. The plates were washed once with PBS+ 0.05% Tween 20. The wells were blocked with 150 mL of power block (BioGenex). Plates were incubated on a shaker at room temperature for 1 h. After discarding the blocker, 100 mL of plasma samples in 3-fold serial dilutions were added to the plates. Samples were diluted in PBS + 5% fetal bovine plasma (diluent) and incubated on a shaker as above. The plates were then washed 3 times with PBS/Tween and 100 mL (1:2000) suspension of goat anti-chicken IgG (H+ L)-horseradish peroxidase was added and incubated as above. After 1 h, 100 mL of 0.1% 3,39,5,59-tetramethylbenzidine and H 2 O 2 substrate (Roche) was added and the reaction stopped with 50 mL of 0.5 mol/L H 2 SO 4 after 10 min. The OD was determined using a plate reader (Titertek Multiscan Plus, ICN Flow). The end point OD was determined by the mean OD of diluent wells plus 33 SD of the diluent wells. Antibody titers were calculated as the reciprocal of the dilution at which the OD was greater than the endpoint OD.
Quantitative RT-PCR for cytokine mRNA. Total RNA was prepared from CT using a total RNA isolation kit (CARTAGEN) following the manufacturer's instructions. Extracted RNA was treated with DNase 1 (Sigma-Aldrich) according to the manufacturer's instructions. The DNase-treated RNA was then reverse transcribed to cDNA using a RT kit (Promega). Details of primer and probe sets for chicken glyceraldehyde 3-phosphate dehydrogenase, interleukin (IL)-6, interferon (IFN)-g and IL-10 are shown in Supplemental Table 1 . Primers were designed using the Primer Express software program (PE Applied Biosystems). Expression of cytokine genes in treatment groups were quantified as Dcycle threshold by deducting the cycle threshold values of glyceraldehyde 3-phosphate dehydrogenase from those of the samples.
Statistical analysis. Statistical analysis was performed using the software GraphPad Prism (version 3.00 for Windows, GraphPad Software). All data are presented as means 6 SEM except for plasma antibody titers, which were presented as geometric means 6 95% CI due to the exponential nature of the data. Impact of feed additives on different immune parameters was assessed by comparing the FOS, MOS, ZnB, and control groups with each other using a Mann Whitey 2-tailed, nonparametric test. A P-value # 0.05 was considered significant.
Results
Phagocytosis and proliferation of leukocytes in CT. Prebiotic supplementation of the diet did not affect the proportion of functional phagocytes in CT (Supplemental Fig. 1 ) as indicated by the ingestion of FITC-Dextran. The proliferative competence of lymphocytes following stimulation with Con A, as indicated by SI, was similar in ZnB-, FOS-, and MOS-treated birds (Fig. 1) . The chickens in these 3 groups had lower SI than the control birds. Birds fed FOS had a significantly lower SI than control birds (P = 0.04). The SI in birds fed MOS and ZnB tended to be lower than in controls (P = 0.09).
Prebiotics affect the percentage of B cells in CT and antibody titers in plasma. Multicolored flow cytometric analysis of different cell populations in CT revealed that prebiotics and ZnB did not affect the percentage of T cell or macrophage phenotypes compared with the control birds (Supplemental Table 2 ). However, the percentage of Bu1-positive cells in FOS-, MOS-, and ZnB-treated chickens was lower (P , 0.05) than those in the control group ( Table 1) . The percentage of IgM-, IgG-, and IgA-positive cells did not differ among the groups.
The plasma titers of IgM, IgG, and IgA were determined using ELISA. Whereas there was no difference in the titers of plasma IgA, FOS-treated birds had higher titers of both IgM (P , 0.01) and IgG (P , 0.01) than in controls (Fig. 2) . IgG titers were higher (P , 0.05) in the ZnB group than in controls. These antibody titers in FOS were similar to the titers in ZnB-treated birds. MOS did not influence plasma antibody titers. Neither the prebiotics nor ZnB affected the frequency of IgA-positive cells at the mucosal surfaces (Fig. 3) .
The mRNA expression of the proinflammatory cytokines IFNg and IL-6 as well as that of the antiinflammatory cytokine IL-10 in CT was not affected by prebiotic or ZnB treatment (Supplemental Fig. 2 ).
Discussion
The impact of nutrition on livestock productivity can easily be measured by physical traits such as weight gain, feed conversion, and carcass quality. However, in a commercial poultry setting, the impact of nutrition on the immune competence that under- pins the production traits is difficult to quantify. As such, laboratory research is essential for a better understanding of the immunomodulatory properties of feed additives, particularly in light of the need for alternatives to in-feed antibiotics. Nutrition and the intestinal microbiota play an important role in the development of GALT (8, 15) . The CT are the major lymphoid organs in the gut. Lymphocytes in CT respond to antigens entering the cecum (16) and are influenced by the changing microenvironment; therefore, our primary focus was to analyze the phenotype and function of key cellular components, including macrophages and B and T cells. Furthermore, we also assessed the frequency of IgA-secreting cells in the intestine, which play a critical role in microbial defense (17) . The current study demonstrated that prebiotics, in addition to influencing the proliferative function and phenotypic expression of immune cells in the CT, can also affect systemic antibody levels without detrimental effects on performance. The immune competence of CT lymphocytes had a general trend of immunosuppression, at both functional (low proliferative response) and phenotypic (low percentage of B cells) levels in FOS-, MOS-, and ZnB-treated birds. However, the mechanisms underlying this phenomenon may be distinctly different for each of these treatment groups.
The FOS-induced effects reported in the current study may have been mediated by promoting the colonization of beneficial microbes, including species of Lactobacillus and Bifidobacteria. FOS is known to selectively increase the levels of these bacteria in the cecum of broilers (18, 19) and prevent colonization by pathogenic bacteria. Part of this study reported elsewhere (12) showed a significant shift in the overall intestinal microbial profile of both FOS-and MOS-treated birds in addition to considerable changes to the Lactobacillus profile. Previous studies in a murine model showed that different species of Lactobacillus exert different patterns of dendritic cell activation (20) . Perhaps the crosstalk between the Lactobacillus species and Toll-like receptors on dendritic cells (21) in the CT and intestinal epithelial cells (22) (23) (24) (25) may have lead to an attenuated proliferative response.
Other possible mediators of immunosuppression have been attributed to by-products of microbial fermentation of FOS (26, 27) to produce SCFA such as butyrate, which may in turn bind to receptors expressed on leukocytes and influence their function. Receptors for SCFA have not been reported for chickens; however, quantification of SCFA indicated that FOStreated birds tended to have a higher concentration of total fatty acids compared with controls (P = 0.12) (data not shown). Nevertheless, immunosuppression in the CT is possibly due to a combination of Toll-like receptor-mediated responses through their interaction with microbes and the presence of microbial products.
The effect of FOS on the reduced percentage of B cells appears to be localized to the CT, because the (systemic) plasma antibody titers of both IgM and IgG were significantly higher than those of controls. The specificity of these antibodies is not known; however, they were not against IBV vaccine (data not shown). FOS-induced shifts in microbial profile (12) may have contributed to enhanced antibody titers in the current study, as there are reports of Lactobacillus-based enhancement of systemic natural antibody levels (28). It is not clear whether FOS itself is immunogenic, because a receptor for FOS has not been reported in chickens. The frequency of IgA-positive cells in the intestinal sections was not altered due to FOS treatment.
Immunosuppressive effects of mannan on human lymphocytes are well documented (29) (30) (31) . These studies have shown that in vivo, mannan can cause suppression directly, by blocking T or B cell receptors, or indirectly, by inducing the production of prostaglandin E 2 by monocytes or antigen-presenting cells, which in turn can depress proliferative response of T cells to mitogens as well as inhibit the generation of B cell colonies in spleen or lymph nodes (32, 33) . The current study demonstrated that MOS appears to exert similar effects in chickens to reduce the frequency of B cells in the follicles of CT, whereas the proliferative competence of CT cells was much lower than in control birds, tending toward significance (P = 0.09). However, as was observed in FOS-treated birds, the down-regulation of B cells in CT of MOS-treated chickens was not reflected in the percentage of IgM-, IgG-, or IgA-positive cells in CT or in the levels of the IgM and IgG titers in the plasma. This finding is in contrast to a previous report of enhanced plasma antibody titers due to MOS treatment (34) . Furthermore, there was no variation in the frequency of IgA-positive cells in the intestine.
Interestingly, the expression of proinflammatory (IFNg, IL-6) and antiinflammatory (IL-10) cytokine mRNA in the CT did not differ among treatments, indicating that the observed variation in immune parameters was unlikely to be mediated by differential expression of cytokines. Perhaps each of the different species of Lactobacillus observed induced the production of different patterns of Th1/Th2 cytokines, which can regulate each other, thereby maintaining homeostasis (20) .
Regardless of the underlying mechanisms, the effects of FOS and MOS observed in this study closely resembled that of ZnB in inducing low proliferative responses to Con A and reduced proportions of B cells. Physiological implications of the localized suppression of immune response on overall competence of chickens are yet to be elucidated.
Reports on the effect of prebiotics on growth performance have been inconsistent in that some researchers have observed weight gain whereas others have not (3, 35) . Our study did not show a significant weight gain in prebiotic-and ZnB-treated groups compared with controls (12) . Perhaps raising the birds under very clean (near germ-free) and environmentally controlled (near stress-free) conditions does not impede the growth of control birds; hence, it is difficult to differentiate the beneficial effects of feed additives inclusive of in-feed antibiotics (36, 37) that may normally be observed under commercial conditions. Furthermore the duration of this experiment was a little over 3 wk, which is shorter than the time required to raise broilers to market weight (~5-6 wk).
This study has demonstrated that prebiotic feed additives can have immunomodulatory effects on GALT without having a negative effect on production. The effects in prebiotic-treated groups were similar to those in the antibiotic-treated group. We hypothesize that these prebiotic-mediated immunological changes may in part be due to direct interaction between prebiotics and gut immune cells as well as due to an indirect action of prebiotics via preferential colonization of beneficial microbes and microbial products that interact with immune cells. Further investigations into these observations in a microbial challenge model are warranted to assess the impact of localized immunosuppression on the overall competence of the bird.
